Nano-scale Ni-Mn-Si-rich precipitates formed in a reactor pressure vessel steel under high neutron fluence have been characterized using highly complimentary atom probe tomography (APT) and scanning transmission electron microscopy with energy dispersive spectroscopy (STEM-EDS) combined with STEM-EDS modeling. Using these techniques in a synergistic manner to overcome the well-known trajectory aberrations in APT data, the average upper limit Fe concentration within the precipitates was found to be~6 at.%. Using this knowledge, accurate compositions of the precipitates was determined and it was found that the spread of precipitate compositions was large, but mostly centered around the G 2 -and G-phases. The use of STEM-EDS also allowed for larger areas to be examined, and segregation of minor solutes was observed to occur on grain boundaries, along with Ni-Mn-Si-rich precipitates that were smaller in size than those in the matrix. Solute segregation at the grain boundaries is proposed to occur through a radiation induced segregation or radiation enhanced diffusion mechanism due to the presence of a denuded zone about the grain boundary. It is also proposed that the reduced precipitate size at the grain boundaries is due to the structure of the grain boundary. The lack of Ni-Mn-Si precipitates observed in larger Mo-rich precipitates is also discussed, and the absence of the minor solutes required to form the Ni-Mn-Si precipitates results in the lack of nucleation. This is in contrast to cementite phases in which Ni-Mn-Si precipitates have been observed to have formed. It was also determined through this work that the exclusion of all the Fe ions during atom probe analysis is a reasonable approximation.
Introduction
The reactor pressure vessel (RPV) of light-water-type nuclear reactors (LWR) are critical components, and contribute to the containment solution of off-normal operations, in which case they must not fail [1] . However, these RPV's are subjected to significant neutron irradiation at elevated temperatures (~300 C) over the course of their lifetime. This combination of elevated temperature, and neutron-induced displacement of the atomic lattice can lead to the formation of defects and other microstructural features e primarily clustering and precipitation of the minor solutes e that can be significantly detrimental to the mechanical properties of the RPV, e.g. embrittlement, that may lead to failure. It is, therefore, necessary to develop a detailed understanding of the nature of the formation and nature of these defects/microstructures in order to design new materials and/or mitigation strategies to enable lifetime extensions for nuclear power plants, particularly as the cost to replace and dispose of a RPV would be prohibitively expensive.
In low-alloy steels, such as those used for both the forging and welds in RPVs, small concentrations of Ni, Mn, Si, and Cu are typically present [2] . However, under irradiation, these solutes undergo radiation-induced clustering forming Cu-rich precipitates (commonly referred to as CRPs) and Ni-Mn-Si-rich precipitates (NMS). These NMS precipitates are thought to nucleate based on a heterogeneous nucleation model in which the precipitates nucleate within the damage cascades induced by neutron irradiation, as defect-cluster complexes or their defect-free remnants [3e5].
NMS precipitates have been observed in a wide range of RPV steel compositions, including Western [6e8], Russian [9e11] and model compositions [12] under elevated temperature neutron irradiation. Recently, it has been observed that NMS precipitates formed in the cementite phase of model RPV steels that had undergone long term thermal aging [2] . These thermally formed NMS precipitates were only observed to form in cementite phase and not the ferrite, and had compositions that were different to those observed in irradiated RPV steels. CRPs are observed only to form in materials with concentrations of copper, typically above 0.05 at.% [6] .
Detailed, high-fidelity characterization of both CRP's and NMS precipitates in RPV steels is critical to the understanding of their formation and dissolution in order to preserve structural integrity of the RPVs. Typically atom probe tomography (APT) and smallangle neutron scattering (SANS) have been extensively applied for characterization of the fine-scale precipitates. These techniques are subject to key uncertainties and user inputs that may either influence the results, or lead to the development of different conclusions, as discussed by Hyde et al. [13] However, both techniques provide invaluable information when used correctly: APT provides three dimensional atom-by-atom reconstructions along with chemical information allowing precipitation and segregation to be clearly observed, yet only in relatively small volumes; SANS allows for a much broader view, but without the fine scale detail information. Hence these two techniques can be complimentary.
Another analytical method for characterizing CRP's and NMS precipitates is the use of scanning/transmission electron microscopy with energy dispersive X-ray spectroscopy (STEM-EDS), combined with advanced data mining techniques such as multivariate statistical analysis (MVSA). A low alloy A508 Gr4N forging steel irradiated to very low fluence was previously characterized using STEM-EDS combined with MVSA [14] , however the instrumentation at the time limited the quality of the data collected (spectrum images were collected over a 128Â128 pixel area, using an EDS detector with a solid angle of 0.3 srad).
Here, a detailed analysis of a high nickel, low copper RPV weld surveillance specimen, irradiated to high fluence in a commercial power reactor, is characterized using the complementary techniques of APT, and STEM-EDS combined with MVSA and X-ray simulation to provide a deeper insight into the local chemistry of the NMS precipitates, specifically focusing on the Fe content within the precipitates thereby facilitating more detailed modeling to support the prediction of the formation of the precipitates, and their direct effects on mechanical property changes of the RPV steels.
Experimental methods

Material & irradiation
The material examined was part of the surveillance campaign for the Ringhals Nuclear Power Plant Unit 3 reactor, and is a highNi, low-Cu weld specimen having the composition given in 
Atom probe tomography
Atom probe tomography (APT) was conducted on needleshaped specimens prepared using standard electropolishing techniques [16] with the use of small blanks cut from the bulk material. The electrolyte used for the polishing was a solution of 2% perchloric acid in 2-butoxyethanol, and polishing was conducted at room temperature at 15 VDC.
Atom probe characterization was conducted using a Cameca Instruments LEAP 4000X HR. All data were recorded in voltage pulsing mode, using a specimen temperature of 50 K, a pulse repetition rate of 200 kHz, an ion collection rate of between 0.5 and 1 ions per pulse, and a pulse fraction of 0.2 [7] . Reconstructions of the data was performed using Cameca's IVAS version 3.6.8 based on a standard reverse-point-projection algorithm. To search for the nano-scale Ni-Mn-Si precipitates, the maximum separation method [17] was used with the search parameters determined using the methodology of Bachhav et al. [18] This involved identifying search parameters for each individual dataset based on the first-order nearest neighbor distribution (For the dataset shown in Fig. 1b , a d max of 0.58 nm, and N min of 20 were used in the maximum separation cluster search analysis). Further analysis was conducted using a custom MATLAB script with radii, number densities, and volume fractions being calculated from the maximum separation output file based on the ranged ion count within the precipitates, and assuming the precipitates have the same atomic density as the ferrite matrix (84.3 atoms nm À3 ). Compositions, such as that given in Table 1 , were determined using appropriate ranging of the mass spectrum and the standard deconvolution techniques for overlapping peaks native to IVAS. This deconvolution algorithm is based on natural abundances, and may break down for irradiated materials, depending on the initial material composition and reactor characteristics, where the neutron irradiation has caused elemental transmutation [19] . However, this is not thought to affect the data presented here as the neutron-induced transmutation is expected to be minimal [20] .
Scanning transmission electron microscopy (STEM)
Specimens to be characterized using STEM analysis were prepared using standard focused ion beam (FIB) techniques [21] using a FEI Versa 3D dual-beam FIB, progressively reducing the ion energy to a final polish at 5 keV to minimize Ga implantation and beam damage.
STEM characterization was performed on a FEI F200X Talos instrument operating at 200 keV. This instrument combines highresolution scanning/transmission electron microscope imaging with a large solid angle (0.9 srad) window-less energy dispersive Xray spectroscopy detector.
In the work presented here, imaging and spectrum mapping were conducted using a probe current of~1 nA and a probe size of <1 nm (at full-width half-maximum). Spectrum images were recorded over a 1024 Â 1024 pixel region.
Multivariate statistical analysis
In order to efficiently obtain useful information from large datasets such as those generated through STEM-EDS spectrum imaging (SI), the use of advanced datamining techniques such as multivariate statistical analysis (MVSA) is invaluable. In particular, optimally-scaled principal component analysis (PCA) [22e24] provides a statistically robust and unbiased (no a priori knowledge required) noise filter, which allows greatly improved quantitative and qualitative analysis of the X-ray mapping data by reducing a high-rank, noisy, and sparse dataset into a set of lowrank, low-noise, image and spectra vectors. These low-rank vectors vastly improve the visibility of key features (e.g. grain boundary segregation, small-scale clustering, etc.), and the elemental identity of the features is found by unbiased statistical datamining [25] .
Here, all the SIs generated were subjected to MVSA through the use of Sandia National Laboratory's AXSIA code [22] . All data presented have undergone binning: 2 Â 2 spatially, and 2 spectrally; between the energy range of 0.17 and 18.15 keV.
Results and discussion
An atom probe data reconstruction showing the distribution of 1.2% of the detected Fe ions and a 13 at.% concentration isosurface of Ni-Mn-Si to highlight the Ni-Mn-Si, or NMS, precipitates is shown in Fig. 1a . From this figure it can be seen that there is a homogeneous distribution of precipitates throughout the matrix. This is also shown in Fig. 1b in which the indexed cluster map from the same dataset is given. Using the data obtained from the maximum separation method, it is possible to obtain some quantitative % when all the Fe detected is included in the precipitates (a) and when all the Fe is excluded from the precipitate compositions, as determined using the maximum separation method. Fig. 2 . Two composition graphs are presented in Fig. 2 : one in which all the ions detected in the precipitates are presented (Fig. 2a) , and one in which all the ions except Fe are included (Fig. 2b) . As can be seen, there is a significant difference in the compositions, with Fe being the dominant precipitate element (Fig. 2a) . In addition to the precipitate compositions being identified for individual precipitates as shown in Fig. 2 , statistical information is given in Table 2 , and this table includes the statistics as determined when including and excluding the Fe contribution. Furthermore, the number density, volume fraction, and average radius of the precipitates are given in Table 3 , with the radii distributions shown in Fig. 3 as determined based on the number of atoms within the precipitates [1, 18] . Again, these data are presented with the Fe included and excluded. It is clear from Table 3 and Fig. 3 that the removal of all the Fe from the calculation of volume fraction and average radius, and the radius distribution significantly alters the reported values.
From both Fig. 2 and Table 2 it is clear that, when included, Fe is the dominant element. However, this is physically unreal as evidenced by the observation of non-physically high atomic densities in the areas associated with the NMS precipitates because of trajectory aberrations leading to Fe ions from the matrix being focused into the apparent center of the precipitates [1, 8, 16, 18, 19, 26] . This limitation of atom probe tomography is a result of the differences in the field evaporation behavior of small precipitates ( 2 nm) [20,26e28] . Specifically, in the case of a low-field precipitate embedded in a high-field matrix as is the case in question here, the matrix ions are focused towards the center of the precipitate during the field evaporation as the matrix ion travels from the specimen to the detector resulting in the un-physically high atomic densities observed within the precipitate, a phenomenon commonly referred to as trajectory aberrations.
A question remains as to what is the true level of Fe content within the NMS precipitates after accounting for the trajectory aberrations. To attempt to address this, STEM-EDS characterization followed by MVSA data mining techniques have been applied to the same material, the results of which are shown in Fig. 4 . Here, the first two components of the rank-3 MVSA results, arise from the matrix, and differ in K-to L-X-ray ratios due to absorption in the finite foil thickness. From the X-ray spectrum associated with the third component, it can be seen that the precipitates are comprised of Ni, Mn, Si, Cu and P e consistent with the results shown in Table 2 and with previous work [1,6e9] .
To elucidate a more detailed insight into the average composition of the NMS precipitates, the STEM-EDS results shown in Fig. 4 have been compared to simulated STEM-EDS data that has been processed in the same manner, i.e. MVSA. To simulate the EDS spectra, the characteristic X-rays from the NMS precipitates were simulated using the DTSA-II software package 1 using the relative ratios of the major solutes Ni, Mn, and Si as determined from the atom probe data.
To simulate the EDS spectrum image based on the DTSA-II simulated X-ray spectrum, the method of Parish was used [29] . In this method, a simulation volume is generated and a random distribution of approximately spherical inclusions are arranged within this volume. The precipitate number density and radius distribution was chosen based on the atom probe derived data for the precipitates containing no Fe. The volume with the simulated precipitates is shown in Fig. 5c . Spectrum images were simulated with varying Fe within the NMS precipitates, for a specimen thickness of 40 nm. Various other specimen thicknesses were also simulated, but 40 nm provided the best fit to the experimental data. Other factors such as pixel size, EDS detector solid angle, beam current, dwell time, and beam broadening were matched in the simulation based on the experimental set up.
The results of the SI simulations are shown in Fig. 5a for the case of precipitates containing 0% (no Fe), 6%, 10% Fe, and precipitates containing the full amount of Fe as determined from the atom probe data (57% Fe). The general shapes of the spectra shown in Fig. 5a are in good agreement with the experimentally obtained data shown in the same figure. However, there are peak overlaps most notably around the 6.40e6.50 keV range in which the Fe-Ka and Mn-Kb characteristic X-rays lie. Spectra in the reduced energy range encompassing the Fe-Ka and Mn-Kb characteristic X-rays obtained both experimentally and through the simulated SI are shown in Fig. 5b . As can be seen, there is a good agreement between the experimentally derived data, and the simulated data when the NMS precipitates include an average of 6 at.% Fe. The processed experimental and simulated images (for simulated specimen thicknesses of 40 and 50 nm) are also shown in Fig. 6 and the 40 nm thick simulated data match remarkably well indicating that the distribution and composition are well matched also. The number density of the precipitates in the 50 nm simulation reveal an apparent higher number density than that observed in the experimentally obtained dataset. However, it is important to point out that this 6 at.% Fe content is only an estimate. We believe it is likely an upper bound, but could vary either high or low compared to the true composition. A number of different factors complicate the extraction of a true composition from the MVSA loading spectrum. First, the particles are not the full thickness of the foil, so matrix contributions (primarily Fe) are always present in any pixel. The matrix components will account for this to a large extent, but due to inevitable experimental noise, cannot be expected to correct for this perfectly. Second, our model did not account for effects such as secondary fluorescence of matrix Fe X-rays (K-edge at~7.1 keV) by the Ni K X-rays (K at~7.5 keV), or excitation of Fe in the matrix by highly scattered beam electrons or fast secondary electrons. Regardless, the close match between experiment and simulation leads us to conclude that the NMS precipitates are clearly very low in Fe, and 6 at.% should not be considered a quantitative analysis, but rather an approximate estimate.
Adjusting the individual APT derived precipitate composition of all the precipitates based on the average Fe content being 6 at.%, a ternary phase diagram of the precipitate compositions can be produced (Fig. 7) . While it is clear that there is a significant spread in the compositions, a significant number of precipitates are located in one area. Previously, Wells et al., performed a thorough examination of the effects of bulk composition on precipitate phase, and compared it to predicted phases using CALPHAD/Thermocalc computational modeling [1] . In their work, it was found that the dominant phases formed during irradiation of commercial alloys were the G 2 (Mn 2 Ni 3 Si), and G (Mn 6 Ni 16 Si 7 ) phases. The work presented here is entirely consistent with this, even after accounting for a small contribution of Fe within the precipitates. This validates the removal of Fe from the precipitates in the determination of the precipitate composition and phase (as is customarily done).
Another advantage of using STEM-EDS in this work is that large areas of material may be analyzed. For example, the data shown in Fig. 4 encompasses approximately 6 times the volume of the data in Fig. 1 . While the use of STEM-EDS does not provide the individual precipitate composition information to the degree that atom probe tomography offers, it does provide large scale information not generally available through APT. Another example of STEM-EDS data is given in Fig. 8 in which the MVSA analysis has resulted in three components: a) the matrix response, b) a Mo-rich precipitate, and c) the NMS precipitates and grain boundaries. The observation of large precipitates as that seen in Fig. 8b in APT data is very infrequent and can often lead to premature failure (fracture) of the specimen; observations of grain boundaries are also uncommon. Fig. 9 shows the results from Fig. 8c in more detail, along with the companion STEM bright-field image. In Fig. 9 , there is no direct correspondence between the presence of the NMS precipitates as seen in the EDS data, and contrast in the STEM image. This further emphasizes the need for STEM-EDS in the examination of these precipitates.
When focusing on the observed grain boundaries, it can be seen that there are several interesting features: there is decoration of Fig. 6 . Results of the simulated data with the experimentally derived data for comparison. The left-most image shows the simulated data for 6 at.% Fe within the precipitates, and a specimen thickness of 40 nm; the center image is the experimentally obtained data; the right-most image is the simulated data for 6 at.% Fe within the precipitates, and a specimen thickness of 50 nm. The 40 nm thick simulation matches best with the experimental data, with the precipitate number density being too high in the 50 nm thick case. grain boundaries with the NMS precipitates, and that these precipitates are typically smaller than those within the matrix. This is highlighted by box 3 in Fig. 9 in which an inclined grain boundary is observed. It can also be seen from boxes 1 and 3 that there is a zone denuded of the NMS precipitates either side of the grain boundaries. The presence of a denuded zone suggests that radiation induced segregation/radiation enhanced diffusion is occurring. The raw EDS data for Ni, Mn, and Si also show this segregation (Fig. 10) .
When compared to the RIS/RED that has been observed in both austenitic [30e32] and ferritic-martensitic [33e36] stainless steel, the segregation here is not so pronounced. This could be due to the low levels of some of the elements, specifically Si and Ni, within the RPV steel in comparison to stainless steel variants. For example, under the standard RIS model, undersized solutes enrich at the grain boundary at the expense of oversized solutes typically resulting in the localized reduction in Cr content at a grain boundary and enrichment of Ni, Si, P and others [35] . The Cr content of RPV steels is significantly lower than that found in stainless steels (0.24 compared to~20 wt%). The significant difference in these elements between the RPV steels and stainless variants, e.g. Si, Ni, Cr, etc., may result in the weak, or potentially sluggish, RIS/RED observed and explain why the segregation to the grain boundaries is not pronounced.
The presence of the denuded zone about grain boundaries also suggests that the nucleation of the NMS precipitates is not a purely heterogeneous mechanism and that radiation controlled diffusion must also play an important role. The extent at which this occurs cannot be derived from the data presented, but the present work points the direction toward beneficial future studies on the grain boundary-NMS precipitate relationship.
The observed difference in sizes of the matrix NMS precipitates and those at the grain boundaries suggests that interfacial relationships play a role in NMS precipitate nucleation. This may be as a result of a purely structural relationship, e.g. grain boundary type; chemical effects, e.g. differences in solute segregation to grain boundaries or precipitate-matrix chemistry; or a combination of both structure and chemistry. It can be envisioned that although the solute segregation to the grain boundary is weak (as seen in Figs. 9 and 10), once a solute atom becomes trapped in the grain boundary structure, it will require significant energy to leave and as such will remain in the grain boundary. Once there, it may diffuse relatively easily along the grain boundaries, through a pipe diffusion method [37] and would be expected to agglomerate and grow resulting in either a high number density of NMS precipitates, or fewer large NMS precipitates. As the data in Fig. 9 shows that the NMS precipitates are smaller in size than those in the matrix, and that the number density is lower, it seems that the grain boundary structure e rather than the local chemistry e limits the growth rates of the GB NMS precipitates.
Examining the Mo-rich precipitate observed in Fig. 9 (box 2) more closely, there appears to be a NMS precipitate, and possibly a second, co-located with the Mo-rich precipitate. Recent work by Zelenty et al. revealed the presence of NMS and Cu-rich precipitates within the cementite phase of long-term thermally aged RPV steels using atom probe tomography [2] . From their work, the cementite phase was observed to contain 2.67 Ni, 1.00 Mn, and 0.04 Si (all in at.%) whereas the MVSA-EDS spectrum associated with the Mo-rich precipitate shown in Fig. 8 reveals that the composition is dominated by Mo, with a small concentration of Mn present. This indicates that the NMS precipitates will not form within the Mo-rich precipitate due to the lack of elemental precursor (Ni, Mn, or Si) and, as such, the NMS precipitates observed to be co-located with the Mo-rich precipitate must reside either above, or below the precipitate and only appear associated with the precipitate due to the 2-d nature of the STEM data. This lack of observed NMS precipitates within the metal-rich oxy-carbides is consistent with other work [38, 39] .
Conclusions
The nanoscale Ni-Mn-Si precipitates formed in a high-neutronfluence irradiated high-Ni reactor pressure vessel steel weld have been characterized using a combination of atom probe tomography, scanning transmission electron microscopy with energy dispersive spectroscopy (STEM-EDS), and simulated STEM-EDS spectrum imaging. The STEM-EDS results showed that some elemental segregation of solutes is occurring at the grain boundaries, and that larger carbides are also formed throughout. Zones denuded of the NMS precipitates are present in the vicinity of the grain boundaries and carbides suggesting that the NMS precipitates are not formed through a heterogeneous nucleation process alone, but that radiation induced/enhanced segregation is most likely also involved. Simulated spectrum images using atom probe tomography data were also generated and compared with the experimentally derived data. The spectrum that matched best with the experiment was that in which an average of 6 at.% Fe was included within the NMS precipitate. This shows that some of the Fe is present in the precipitates and that removing all of the Fe from the atom probe data is not physically correct, but is a reasonable assumption. The precipitates were all found to lie within the G 2 -or G-phase boundary consistent with other reports on similar materials.
